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The Challenges of Radiation in Deep Space Travel

Radiation poses one of the greatest health related
threats to astronauts in space!

Radiation can take the form of
electromagnetic photons or charged

The Earth is protected particles such as protons and electrons

from dangerous space
radiation by it’s
magnetosphere!

Visible Light
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DNA Damage

lonized Radiation

can directly hit DNA, ( P /
hich N s
which can cause -/
double stranded e
breaks that lead to f.x” 4 \\\

mutations and
whole chromosome
restructuring!

IR fy "; 3 v 1)
Cell Death Wy / am
Radiation can trigger cells to die \ oSS |

via regulated means.

Apoptosis is regulated cell death, \
while senescence is a state where \ B |

cells cannot replicate but are f,_/ Jll % g
metabolically active &

Azzam, Edouard |., Jean-Paul Jay-Gerin, and Debkumar Pain. "lonizing radiation-induced
metabolic oxidative stress and prolonged cell injury." Cancer letters 327.1-2 (2012): 48-60.

Reactive Oxygen Species (ROS)

ROS are generated when radiation interacts
with water in the cell. These species can
then interact and interfere with other
molecules critical for biological processes

Nucleus
Cytoplasm

lonizing
radiation

Membrane

Lipid peroxidation
protein oxidation

3 Oxidative alterations to

mtONA and nDNA
ractiv

Inactivation of enzymes

These effects can lead to long
lasting biological issues such as
cancer development and
cardiovascular disease



Transcriptional 1
Hallmarks of Aging
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Downregulation of genes encoding mitochondrial proteins —
Mitochondrial activity has been noted to decrease with age, thus
downregulation of associated processes like ATP synthesis is expected

Downregulation of the protein synthesis machinery — This includes
ribosomal proteins and proteins involved in ribosome biogenesis

Dysregulation of immune system genes — The reduced or inappropriate
regulation or expression or immune system related genes

Reduction in growth factor signaling — Growth factor are pivotal for
signaling and proliferation activities. Genes in this hallmark are
downregulated with age

Constitutive responses to stress and DNA damage — A general hallmark
that could be activated by a number of environmental stress factors.
(including radiation damage!)

Dysregulation of gene expression and mRNA processing — Regulation of
transcription factors, chromatin level gene silencing, epigenetic and
posttranscriptional modifications

- Q Q Frenk, Stephen, and Jonathan Houseley. "Gene expression hallmarks of cellular
O ageing." Biogerontology 19.6 (2018): 547-566.



© FInd novel ™.
anscriptional sig
ellular aglng g




Data N\ .

Data Type: Microarray .
Species: Mus Musculus j
Tissue: Cardiomyocyte

Chip Type: [MoGene-1_0-st] Affymetrix Mouse Gene 1.0 ST Array

oo 5.2 cevrucion ! |

1 Day — 3 Replicates 1 Day — 2 Replicates B 7 e —
3 Days — 3 Replicates 3 Days — 3 Replicates 2 or 3 replicates? This
7 Days — 2 Replicates 5 Days — 3 Replicates is addressed by

14 Days — 2 Replicates 12 Days — 2 Replicates (Beheshti etal.)

28 Days — 2 Replicates 26 Days — 2 Replicates

Control — 2 Replicates at Day 1 and 1 at Day 3 Control — 2 Replicates at Day 1 and 1 at Day 3

Data can be found on GEO or in Genelab’s database

* https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE68876
* https://genelab-data.ndc.nasa.gov/genelab/accession/GLDS-109/ (Fe)
* https://genelab-data.ndc.nasa.gov/genelab/accession/GLDS-117/ (H)

* Coleman, Matthew A, et al. "Low-dose radiation affects cardiac physiology: gene networks and molecular signaling in
cardiomyocytes." American Journal of Physiology-Heart and Circulatory Physiology 309.11 (2015): H1947-H1963.

* Beheshti, Afshin, et al. "GenelLab database analyses suggest long-term impact of space radiation on the cardiovascular system by
the activation of FYN through reactive oxygen species." International journal of molecular sciences 20.3 (2019): 661.



https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE68876
https://genelab-data.ndc.nasa.gov/genelab/accession/GLDS-109/
https://genelab-data.ndc.nasa.gov/genelab/accession/GLDS-117/

Gene Set Enrichment Analysis
(GSEA)

enriched not enriched
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GSEA takes a ranked list of genes and searches a set of genes
which are related in some way

The null hypothesis is that the genes of set S are uniformly
distributed in the ranked list while the alternate hypothesis is
that the genes are found to be over expressed at the extremes

Subramanian, Aravind, et al. "Gene set enrichment analysis: a knowledge-based approach for interpreting genome-wide 7
expression profiles." Proceedings of the National Academy of Sciences 102.43 (2005): 15545-15550.
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Figure: Muro, Ryunosuke, Hiroshi Takayanagi, and Takeshi Nitta. "T cell receptor
signaling for y&T cell development." Inflammation and regeneration 39.1 (2019): 1-11.

I ' H This Photo by Unknown Author is licensed under CC BY

* TCR (T-Cell Receptor) Signaling
pathway activated via ZAP-70
binding

* In Fe data, pathways to NF-kB,
ERK, and NFAT show upstream
activation via large fold changes

* The H data show similar gene
expression qualitatively but
smaller fold change

* NFAT and NF-kB are transcription
factors that regulate immune
response factors and ultimately
can lead to cell death


https://link.springer.com/article/10.1186/s41232-019-0095-z
https://creativecommons.org/licenses/by/3.0/
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Iron Data Proton Data

Upregulation of mitochondrial
processes occur at Day 1, Day 3,
and Day 14

Consistent downregulation of
mitochondrial processes in all time
points

Mitochondrial
replication and protein
synthesis was
regulated in both
datasets

Day 7, focuses on immune response
which presumably eclipses the
mitochondria

In general, immune responses such
as TCR signaling and the
complement cascade are

upregulated in every day

Pathways involve
regulation of
MRPs

Day 28 shows a down regulation of
mitochondrial processes

Note that the cells react very differently to Iron and Proton irradiation. Protons cause a constant and
immediate immune response compared to the delayed reaction to Iron particles

The mitochondrial reaction tends to be regulated opposite to the immune system!



https://www.rcsb.org/structure/3BQO

DNA/Telomere Damage

Genes involved in telomere maintenance are upregulated on
day 28 in Fe data. Telomere damage/shortening is a sign factor
in aging.

Shelterin is a complex of many proteins which protect against
telomere shortening.

Genes involved are downregulated on days 1-14 then
upregulated on day 28 indicating that damage was accrued
over the month after radiation

TERF1, POT1b, TRAF, are part of the shelterin complex and
differentially expressed in Fe data

Only POT1b shows upregulation in the H data.

Crystal Structure of TRF1 TRFH domain and TIN2 peptide 10

~romnlay


https://www.rcsb.org/structure/3BQO

Extracellular Matrix
Remodelin

* ECMis the space between cgs. Aging has been associated with increased collagen levels, and the development
of fibrosis.
* Furthermore the ECM controls immune signaling system and tumor progression

altered o, oxidative stress * In Fe data we see the downregulation of the
ECM components on days 1, 3, and 14
TNIF-u_ TGF-B
* For H data there is an upregulation of ECM
ol ... regulation and structure
pet— myofibroniast |  TNF- and TGF- are only mildly differentially
1 expressed indicating direct regulation of
ECM remodeling MMPs

11
Figure: Kwak, Hyo-Bum. "Aging, exercise, and extracellular matrix in the heart." Journal of exercise rehabilitation 9.3 (2013): 338.



Differing radiation types affect cells very

: differently. Proton radiation triggered a
CO NC I usio immediate immune response that persisted
over the 28 days while Iron ions had an
NS

delayed and sudden reaction starting 7 days
after irradiation

Radiation, specifically Iron radiation, induced
a transcriptional response related to DNA
damage repair

Mitochondrial activity appeared to be downregulated by the upregulation of
immune response pathways

The ECM structure is changed in order to facilitate stress and possibly signaling
pathways such as the binding of TCRs to the cell membrane



Future
. . * Further reading and follow-up
D | reCtl ons studies showed that radiation

effects may occur at timescales
greater than the 28 day scope of

what was presented here
* Check repeatability of this

experiment. A major limitation was
lack of controls at all time points and

poor statistics (low replicate numbers) 9 9

: <
* Compare expression NS .
results of mice with t" y E m

human transcripts 0000006 90 _....
for relevance r7ssrs7s
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Figure Credits

* Earth-Moon: This Photo by Unknown Author is licensed under CC BY-NC-ND
* EM Spectrum: This Photo by Unknown Author is licensed under CC BY-SA
* American Flag: This Photo by Unknown Author is licensed under CC BY-NC

* Solar Spectrum:

https://www.researchgate.net/figure/Solar-radiation-This-graph-shows-the-
radiation-spectrum-for-direct-light-both-at-the-top_fig9 221913224

* Milky Way: This Photo by Unknown Author is licensed under CC BY-SA

* Periodic Table: This Photo by Unknown Author is licensed under CC BY-SA
* Operation: This Photo by Unknown Author is licensed under CC BY-SA-NC
* DNA: This Photo by Unknown Author is licensed under CC BY-SA
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In deep space, one source of harmful radiation is Solar
Particle Events (SPE), or bursts of radiation released from
the sun which releases high energy electromagnetic
radiation as well as protons and electrons!
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The Challenges of Radiation in Deep Space Travel

Galactic Cosmic Rays (GCR) provides a source of heavy ionized nuclei
which present a real danger to astronauts outside of the magnetosphere

Group—>1 10 11 12 13 14 15 16 17 18
{Period
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These nuclei travel incredibly fast and
can be extremely massive!
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MHC significant upregulation of T-Cell
Class | or Il Receptor (TCR) signaling pathways via

o
CDg| TCRQY) cp3  Lat ZAP-70

For the Fe data, some genes along this
path were actually suppressed for the
first few days, then later showed large
fold changes including ZAP-70, LCK, LAT,
RASGRP1, PKC, and NFAT. This indicates
that the Fe radiation triggered multiple
TCR signaling pathways related to
immune response.

The H data show many of the similar
genes to have qualitatively similar fold
change trends, but less pronounced

Important Immune response factors

such and ultimately can lead to cell
Figure: Muro, Ryunosuke, Hiroshi Takayanagi, and Takeshi Nitta. "T cell receptor death 18
signaling for y&T cell development." Inflammation and regeneration 39.1 (2019): 1-11.
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Crystal Structure of TRF1 TRFH domain and TIN2 peptide

complex

DNA/Telomere Damage

Genes involved in telomere maintenance are upregulated on day 28
in Fe data. Telomere damage/shortening is a sign factor in aging.

Shelterin is a complex of many proteins which protect against
telomere shortening. Some of the genes involved are downregulated
on days 1-14 then upregulated on day 28 indicating that damage was
accrued over the month after radiation

TERF1, POT1b, TRAF, are differentially expressed and part of the
shelterin complex in Fe data, but only POT1b shows upregulation in
the H data.

It seems that the Fe radiation has suppressed telomere maintenance
which allows the telomeres to degrade until significant damage is
sustained. At which point the cell attempts repair the damage.

https://www.rcsb.org/structure/3BQ0O



https://www.rcsb.org/structure/3BQO

Fe Data: Day 28 GSEA Results
D N A/Te | O m e re D a m a g e log of the fold change (logFC) is

used as the ranking metric
I W FDR < 0.05 FDR > 0.05

P DNA Damage/Telomere Stress Induced Senescence
Condensation of Prophase Chromosomes

Formation of the beta-catenin: TCF transactivating complex
Senescence-Associated Secretory Phenotype (SASP)
PRC2 methylates histones and DNA

P> Packaging Of Telomere Ends

P Telomere Maintenance

Cellular Senescence
SIRT1 negatively regulates rRNA expression

Oxidative Stress Induced Senescence

Platelet degranulation

Complex | biogenesis

The citric acid (TCA) cycle and respiratory electron transport
Peroxisomal lipid metabolism

Respiratory electron transport

Striated Muscle Contraction

Mitochondrial translation elongation

Mitochondrial translation

Mitochondrial translation termination

Translation

T T T
25 -2.0 -15 -1.0 05 0.0 05 1.0 1.5 2.0 2.5 3.0
Normalized Enrichment Score 20



Extracellular Matrix

Remodelin

* ECMis the space between

of fibrosis.
* Furthermore the ECM controls immune signaling system and tumor progression

altered o, oxidative stress

TNF-a

TGF-B

T'u'1 r'ﬂ F"

TIMP

—

Figure: Kwak,

collagen

myofibroblast

turnover

|

ECM remodeling

cgs. Aging has been associated with increased collagen levels, and the development

* In Fe data we see the downregulation of the ECM

components on days 1, 3, and 14

* Key genes such as Fibronectin, Fibrillin, Lumican, Versican,
and MMPs are downregulated implicating dysregulation of
collagen production.

* Downregulation of Type lll and VIII Collagen

* For H data there is an upregulation of ECM regulation

and structure
* This is constant for the whole experiment, and include the
upregulation of various collagens

* A possible reason for ECM remodeling could be related
to the TCR signal pathway seen in both datasets

Hyo-Bum. "Aging, exercise, and extracellular matrix in the heart." Journal of exercise rehabilitation 9.3 (2013): 338.



Figure Credit: Molecular Biology of The Cell (6* Ed.) 19-53 (p."1071)

ECM Remodeling more detailed -t 0 = &
* In both datasets MMPs are selectively N ( / B
regulated implicating a increase in collagen as e 5.
they are responsible for collagen degradation C<T>
* Fe: many MMPs (for example MMP2) are e

downregulated. Downregulation implies less
collagen is being degraded. TIMPs inhibit MMPs

and they are downregulated

altered o, oxidative stress

* The balance of MMP/TIMP is out of whack TNFa TGF-5
* In H: some MMP show slight if any upregulation.
TIMPs are not significantly regulated 3 —
* Both data sets show mixed results for the activation of TNF as an
upstream signal = e e
* Fe data seems to show an under expression of TGF except on day o
28 while some TGF products are over expressed in H data —r ren,{ode“ng

Figure: Kwak, Hyo-Bum. "Aging, exercise, and extracellular matrix in the heart." Journal of exercise rehabilitation 9.3 (2013): 338.
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Remodeling

W FDR <0.05 FDR > 0.05

Mitochondrial translation elongation

Mitochondrial translation

Mitochondrial translation termination

Translation

Mitochondrial Fatty Acid Beta-Oxidation

Protein localization

Branched-chain amino acid catabolism

Biotin transport and metabolism

Respiratory electron transport

Voltage gated Potassium channels

Innate Immune System

Platelet activation, signaling and aggregation

Binding and Uptake of Ligands by Scavenger Receptors

Neutrophil degranulation

Molecules associated with elastic fibres
Extracellular matrix organization
Elastic fibre formation
Cell surface interactions at the vascular wall

d and a non-Lymphoid cell

T T T
-25 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0 25
Normalized Enrichment Score

Fe Data: Day 1 GSEA Results
logFC used as ranking metric

3.0

H Data: Day 1 GSEA Results
logFC used as ranking metric

W FDR <0.05 FDR > 0.05

Cell surface interactions at the vascular wall

Extracellular matrix organization

Integrin cell surface interactions

Antimicrobial peptides
Immunoregulatory interactions between a Lymphoid and a non-Lymphoid cell
Regulation of Insulin-like Growth Factor (IGF) transport and uptake by Insulin-like Gro...
Platelet degranulation
Hemostasis
Lagging Strand Synthesis
Orc1 removal from chromatin
DNA Replication Pre-Initiation
Extension of Telomeres
Synthesis of DNA
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Mitochondrial translation elongation
Mitochondrial translation
Mitochondrial translation termination

Translation
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